Background and Purpose: Current noninvasive testing allows accurate assessment of cerebrovascular hemodynamics. The cardiovascular influence on the noninvasive assessment of cerebrovascular studies has not been defined. This study was designed to determine the effect of cardiac index (CI) on cerebral blood flow velocities, ocular pulse amplitude, ophthalmic systolic pressure, and ocular blood flow (OBF) as currently estimated by noninvasive laboratories.
C erebral hemodynamics of the stroke-prone patient may be accurately assessed noninvasively using transcranial Doppler sonography (TCD)1-5 and ocular pneumoplethysmography (OPGGee).6-9 Cardiovascular function influences cerebrovascular hemodynamics and thus the results of these tests, but simultaneous assessment of cerebral and cardiac physiology has never been studied.
Technological advancements have made available various noninvasive methods to assess the adequacy of the intracerebral circulation. OPG-Gee testing noninvasively measures ophthalmic systolic pressure (OSP) and ocular blood flow (OBF) and may be used to assess the ocular hemodynamics of patients with severe carotid stenosis. TCD is a relatively new and innovative test used to assess blood flow velocities of the basal intracranial vessels, including those that compose the circle of Willis. Normal values for both tests have been generated from a population of patients with presumed normal cardiovascular function. Since these tests are often obtained on patients who are at risk for stroke and have significant cardiac disease, determining the impact of cardiac function on these tests would appear to be of considerable clinical importance.
The influence of cardiac function on the noninvasive assessment of cerebral hemodynamics remains unclear to date. In an attempt to determine the relation between cardiac function and OBF, a retrospective study was conducted at our institution on a random series of 181 patients who underwent nonsimultaneous testing with OPG and right heart catheterization.'0 The results of this retrospective study prompted us to prospectively evaluate the impact of cardiac function on cerebral hemodynamics to define the relation. To accomplish this, we simultaneously recorded OPG and TCD and measured cardiac index (CI) in a select patient population undergoing right heart catheterization.
Subjects and Methods
The retrospective series consisted of patients referred to the vascular laboratory for OPG testing who also underwent right heart catheterization. From January 1, 1987, to May 31, 1987, 181 patients underwent both tests nonsimultaneously, but usually performed within Tables 1 and 2 .
Right heart catheterization was performed from either the subclavian, internal jugular, or femoral vein approach. A 7F or 8F balloon flotation pulmonary artery catheter (Swan-Ganz catheter, American Edwards, Baxter) was inserted percutaneously and advanced to the main pulmonary artery. Cardiac output (CO) was measured using the pulmonary artery flota- An Electro-Diagnostic Instruments model LP-3 OPG-Gee and a Medsonics Transpect portable TCD unit were used. Bilateral simultaneous OSP and maximum ocular pulse amplitude (OPA) were obtained with the OPG instrument. The heart rate (HR) was documented on an electrocardiographic channel concomitantly, using the same instrument. Immediately after the test, a brachial blood pressure was obtained with a cuff and stethoscope. Ophthalmobrachial systolic pressure (OBSP) indexes were calculated from the brachial and ophthalmic systolic pressures (BSP and OSP, respectively) using the following formula6'7:
OBSP=OSP-39-0.43 xBSP Ocular blood flow in our study was estimated using a mathematical formula from the HR and maximum OPA data generated by OPG-Gee testing. The ocular pulse wave channels of the OPG are volume-calibrated, such that a 1.0-mm3 volume change results in a 10-mm pen deflection. The ratio of the total surface area of the eye to the surface area of the eye covered by the eyecup is 14.9.7 To express flow in its usual terms of milliliters, cubic millimeters are converted with the factor mL/1000 mm3. These simultaneously measured to determine the accuracy of noninvasively estimated CI using OBF.
Data were entered into a database and screened for accuracy and consistency. After validating the data, analysis was completed using spss.15 Pearson's product-moment correlation analysis was used to assess the relation between continuous variables. Because of the number of statistical tests being performed, the usual a=0.05 was adjusted to 0.025 (Bonferroni adjustment) to reduce the probability of detecting spurious correlations.
Results
In the retrospective series of nonsimultaneous data collection, the relation of OBF to CI was defined by the linear equation CI=1.99+0.59xOBF, with r=.43 and P<.001 (Fig 1) . In the prospective series of simultaneous data, the relation of OBF to CI was defined by the linear equation CI=2.36+0.61xOBF, with r=.47 (P=.0010) (Fig 2) . OSP and BSP were also linearly related to CI (r=.48, P=.0009 [Fig 3] and r=.42, P=.0042, respectively). No significant correlation was observed between CI and OBSP.
Of the TCD-generated data, MCA systolic velocity was correlated with CI (r=.36, P=.0181) (Fig 4) . No significant relations were found between intracranial ICA flow velocities and CI, or between MCA mean or diastolic flow velocities and CI.
In view of the association between OBF and CI, an additional 15 patients underwent simultaneous evaluation to validate the relation (Fig 5) . This figure depicts the effectiveness of OBF in predicting CI. Eight of the predicted CI values, as calculated from the OBF measurement, fell within 20% of the thermodilution CI determination. None fell beyond 30%, as predicted.
Discussion
The net driving force of the cerebral circulation is defined as the cerebral perfusion pressure (CPP), which represents the difference between arterial pressure forcing blood into the cerebral circulation and the venous back-pressure. Under normal physiological conditions, venous pressure is negligible, and therefore CPP is usually equal to the mean systemic arterial pressure. 16 Since the cerebral circulation is autoregulated, changes in CPP do not necessarily equate to changes in cerebral blood flow.17
The systolic blood pressure of the ophthalmic artery is virtually identical to that of the carotid siphon and main-stem MCA, as shown in simultaneous measurements of the intraoperative stump pressures and OPG pressures in patients undergoing carotid endarterectomy.18 '9 Hence, under normal physiological conditions where venous pressure is negligible and intracranial pressure is normal, regional CPP would be expected to be correlated with OSP as measured by the OPG-Gee.9 In our study OSP was linearly related to CI, as shown in Since animal studies have shown that the bulk of OBF is to the choroid,20 a nonautoregulated vascular bed, changes in CI might be expected to directly affect this parameter. Our study supports this hypothesis with the linear relations demonstrated between CI and OBF (Figs 1 and 2) .
The two equations generated by the retrospective and the prospective series statistically had equivalent slopes and differed only in their intercepts (1.99 and 2.36, respectively), giving added strength to this linear relation. That the mathematical formulas differ only in the intercepts between the two groups likely reflects the nature of the data acquisition. The retrospective series represented nonsimultaneous tests acquired over 1 week, while the prospective series was a select group of hemodynamically stable patients with specific inclusion and exclusion criteria and data collected as rapidly as physically possible within a 10-minute time frame.
OBSP, an index of OSP and BSP, was not affected by We found MCA systolic velocity to have the best correlation with CI, with falling systolic velocity being linearly related to falling CI (r=.45). Normative studies of peak systolic blood flow velocities generated by TCD show a tendency to decrease with age.' Although this may be a reflection of decreasing CBF or increasing arterial diameter with age, our data suggest that this observation may also be a reflection of decreasing CI as a function of age. Conversely, when TCD MCA systolic velocity values are diffusely low for the age of the patient, this may reflect poor CI rather than a focal obstruction to carotid outflow. Mean and diastolic blood flow velocities had an insignificant correlation with falling CI, thus implying that mean velocity and diastolic velocity may be better indicators of cerebral autoregulatory capacity than systolic velocity, since they remain unaffected by CI in the range of 2.0 to 4.5 L/min per square meter. We found no correlation of CI with intracranial ICA flow velocities, likely reflecting the more variable insonation angle of the carotid siphon.14 Because patients who were hemodynamically unstable or in cardiogenic shock were excluded from this study, the impact of critically low CI and OBF, OSP, and TCD-generated MCA blood flow velocities is not known, and the results of this study cannot be generalized to this patient population. More work is required to assess the effect of critically falling cardiac function on these parameters. 
